We investigate the fundamental problem of when a ground atom in a disjunctive database is assumed false. There are basically two di erent approaches for inferring negative information for disjunctive databases; they are Minker's Generalized Closed World Assumption (GCWA) and Ross and Topor's Disjunctive Database Rule (DDR). A problem with the GCWA is that disjunctive clauses are sometimes interpreted exclusively, even when they are intended for inclusive interpretation. On the other hand, the DDR always interprets disjunctive clauses inclusively. We argue that neither approach is satisfactory. Whether a disjunctive clause is interpreted exclusively or inclusively should be speci ed explicitly. Negative information should then be inferred according to the stated intent of the disjunctive clauses. A database semantics called PWS is proposed to solve the aforementioned problem. We also show that for propositional databases with no negative clauses, the problem of determining if a negative ground literal is inferred under the GCWA is co-NPhard, while the same problem can be solved e ciently under the DDR and PWS. However, in the general case, the problem becomes co-NP-complete for the DDR and PWS. Relationships among GCWA, DDR and PWS are highlighted. In general, disjunctive clauses are interpreted inclusively under the DDR and unpredictably under the GCWA. We also characterize when the GCWA interprets disjunctive clauses exclusively. Throughout this discussion, we assume both the head and the body of a clause consist of atoms only.
Introduction
Query answering in general requires both positive as well as negative information. In database applications, negative information is numerous relative to positive information. To avoid storing the vast amount of negative data in a database, they are commonly represented implicitly via some inference rules. For Horn deductive databases, there is a general consesus of how to derive negative information from a database 4, 18] . However, for disjunctive databases, the situation is less satisfactory. Minker's Generalized Closed World Assumption (GCWA) 15 ] is perhaps the :EXTREMELY DANGEROUS(Smith) is not inferred under the DDR. Informally, :EXTREMELY DANGEROUS(Smith) should be inferred since it is impossible for \Smith" to be both violent and psychopathic. 2
In this paper, we propose a semantics called PWS which overcomes problems in both GCWA and DDR. Under the PWS, a disjunctive clause could be speci ed to be interpreted either inclusively or exclusively; and negative information will be inferred according to the stated intent. Independently, Sakama studied the same problem and proposed a possible model semantics 22] . It turns out that the PWS and Sakama's possible model semantics are equivalent. This will be proved after the PWS is introduced in Section 5.
In order to evaluate various semantics, Ross and Topor 21] proposed six criteria for comparison. One of them is e ciency. E ciency is dealing with the question of how easy to determine if a negative datum is being inferred using an inference rule. They left open the question of whether one of GCWA and DDR is more \e cient". In this paper, we settle this question by showing that for propositional databases with no negative clauses, the problem of determining if a negative ground literal is inferred under the GCWA is co-NP-hard, while the same problem can be solved e ciently under the DDR and PWS. However, in the general case, the problem becomes co-NP-complete for both DDR and PWS. Section 2 will de ne the necessary notation used throughout this paper. Section 3 will review results on the GCWA. Section 4 will study the DDR. Section 5 will de ne PWS and study its properties. Section 6 will highlight some important relationships among the three assumptions. Section 7 shows that the PWS allows both exclusive as well as inclusive interpretations of disjunctions. A condition is also identi ed under which GCWA interprets disjunctions exclusively. Finally, conclusions will be drawn in Section 8.
2 De nitions and Notation
In this section, we introduce notation that are necessary for the discussion in the following sections. We assume familiarity with basic terminology and theory of logic programming and relational databases as found, for example, in 12, 19, 24] . The notation like variables, terms, atoms and literals are de ned in the usual manner. However, we do not allow function symbols in a database.
A clause is a formula of the form A 1 _ _ A m B 1 & &B n , where A i 's and B j 's are atoms. All variables in a clause are assumed to be universally quanti ed at the front of the clause. All clauses are assumed to be non-empty. A A ground clause C = A 1 _ _A n is positive and minimally derivable from DB if (i) C is positive, (ii) DB`C and (iii) DB 6 A 1 _ _ A i?1 _ A i+1 _ _ A n , for every 1 i n. Some atoms in a positive and minimally derivable ground clause are true. But given the current state, there is not enough information to determine which. Let PMGC(DB) denote the set of all positive and minimally derivable ground clauses of DB. In the remainder of this paper, we are interested in the semantics of a set of clauses. To simplify the discussion, we assume a database consists of propositional or ground clauses only. Under the GCWA, minimals models are used to denote possible worlds of a database. Example 3.1 Let DB = fA _ B, B _ C _ E, D _ E, :(A&D)g. What are the possible worlds represented by DB under the GCWA? The set of minimal models MM(DB) is ffA,Eg, fB,Dg, fB,Egg. Under the GCWA, every atom except C is true in some possible world. Hence C is assumed false in DB. 2
Minker's GCWA has a close relationship with the class of positive and minimally derivable ground clauses. Let H be the Herbrand base and ATOM(PMGC) be the set f Aj A is a ground atom in C2 PMGC(DB) g. The syntactic de nition of GCWA is H ? ATOM(PMGC).
A Syntactic De nition of the GCWA. Let DB be a consistent database A a ground atom. :A is inferred if A 2H ? ATOM(PMGC).
The following theorem establishes the equivalence of the two versions of GCWA. The above theorem states that we cannot derive any more positive clauses from DB GCWA(DB) than from DB. However, there is some non-positive clauses that can be proven from GCWA(DB) but not from DB. This is due to the fact that a ground atom A is not in any minimal model of DB can be inferred to be false. So some negative literal can be proven from GCWA(DB) but not from DB. is a ground atom. Some work has been done on this problem and these methods are based on nding resolutions for a set of clauses 28, 10] . This problem is likely to be intractable. We show this by proving its complement is NP-hard, even when the set of clauses in a database is ground and contains no negative clauses. For a discussion on intractable problems, interested readers please refer to 6]. Under the assumptions that function symbols are allowed and databases are strati able, the same problem has been shown to be Proof]: By Theorem 3.4, :A is derivable i A is not in any minimal model of DB. We will prove that determining if A is in some minimal model of DB is NP-hard.
To prove NP-hardness, we reduce instances of the hitting set problem to our problem. Hitting set was rst demonstrated to be NP-complete in 11].
Let fS 1 , : : : , S n g be a set of non-empty subsets of a nite set S. A hitting set H is a subset of S for which jH\ S i j = 1, for all i . The hitting set problem is to determine if such a set exists 11].
For each instance of hitting set, it is transformed to a database DB as follows. . We rst de ne the syntactic and xpoint de nitions of DDR. We then show that the problem of determining if a ground negative literal is derivable under the DDR can be solved e ciently if a database contains no negative clauses, and is co-NP-complete in general. First, we require the concept of closed set of a database.
Example 4.1 Let DB = fA_B, C A&B, D Eg. We rst observe that E does not appear in any head of a clause and hence can be assumed false. Since E cannot be true, D cannot be true.
Informally, a closed set is a set of atoms that can be assumed false in a state. 2 9 Let DB be a database and S a subset of H. Then S is a closed set of DB if, for every element A of S, and for every ground instance C of a clause in DB such that A is in the head of C, there exists an atom B in the body of C such that B is in S. It is easy to see that the greatest closed set exists. It is obtained by the union all the closed sets of DB 21] . The greatest closed set of DB is denoted as gcs(DB). To de ne the xpoint de nition of DDR, we require a mapping T DB from Herbrand interpretations of DB to itself.
Let DB be a database and I a Herbrand interpretation of DB. Then T DB (I) = f A2H j C is a ground instance of a clause in DB, A is in the head of C, and for all B in the body of C, B2Ig.
We also de ne T DB " 0 = ;, T DB " n + 1 = T DB (T DB " n) and T DB " ! = 1 n=0 T DB " n. It is worth noting that T DB " ! can be computed e ciently using techniques discussed in 24]. An important property of the DDR that is di erent from the GCWA is that it is syntaxdependent. That is, given two logically equivalent databases, the set of negative ground atoms inferred using the DDR may be di erent. To prove NP-hardness, we reduce instances of the hitting set problem to our problem.
Let fS 1 , : : : , S n g be a set of non-empty subsets of a nite set S. For each instance of hitting set, it is transformed to a database DB as follows. Let the set of ground atoms in our DB To summarize, a possible world is a set of positive and assumed true facts and its logical consequences subject to restrictions imposed by the negative clauses in a database. We now give a formal de nition of possible worlds for a DB that captures the essence that it must be a 13 model and it contains exactly those atoms that are logical consequences of some assumed true facts. Any subset of ATOM(PC) that satis es the negative clauses could give rise to a possible world. Those atoms in a possible world that are not in ATOM(PC) must be proven to be possible consequences before they are considered to be true in the possible world. Referring to the Example 5.3, C is an atom not in ATOM(PC) and C cannot be proven to be true given a possible world containing D. Hence C is not part of the possible world. Under the PWS, a database is augmented with negative ground literals whose positive counterparts are not true or are not possibly-true.
To de ne the xpoint semantics, we need the following. A kernel is any subset S of ATOM(PC) which is a model of the PC. Let S be a set of clauses. S is said to be r- As a corollary to Theorem 5.3, a procedural semantics is de ned for the PWS 22].
Properties of the PWS
In this subsection, we study the possible world semantics described above. We rst point out that DDR and PWS coincide for databases containing no negative clauses. Consequently, the PWS is syntax-dependent, as was illustrated in Example 4.4. Next, we show a close relationship between models and possible worlds. By de nition, a possible world is a model. The next theorem shows that a model contains a possible world. This result follows directly from the correctness of Algorithm 1.
Algorithm 1: Given a model M of DB, nd a subset of M which is a possible world of DB.
Input: DB =PC MC NC and M. Output: P M and is a possible world of DB.
Method:
(1) i =1, P = M \ ATOM(PC).
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(2) while (there is a C2MC such that rhs(C) P) do
(5) MC = MC -fC i g. (6) i=i+1.
(7) end.
We observe the following. (2) and (4) and the fact that M is a model, P satis es C i 's, for all i. For each D j , rhs(D j ) is not a subset of P. This means D j is satisfying with respect to P. Therefore P is a model of MC. NC is satisfying with respect to M and since P is a subset of M, NC is satisfying with respect to P. The following result shows that under the PWS, the problem of determining if a negative ground literal is inferred can be solved e ciently if a database contains no negative clauses and is co-NP-complete in general. Proof]: By Theorem 5.14, :A is inferred i A is not in any possible world. We will show that determining if A is in some possible world is an NP-complete problem. To show the problem is in NP, consider a nondeterministic algorithm as follows. In the guessing stage, select a subset S of ATOM(PC) and a sequence of steps. Let the sequence of mixed clauses involved in be C 1 , : : : , C n . In the checking stage, rst verify that is a possible consequence of S. Then compute X = S subset(lhs(C 1 )) . . . subset(lhs(C n )). Finally determine if A2X and if X is a model of DB. All these veri cations can be done in polynomial time.
To prove NP-hardness, we reduce instances of the hitting set problem to our problem. For each instance of hitting set, a database DB is constructed as follows. Let fS 1 , : : : , S n g be a set of non-empty subsets of a nite set S. Let the set of ground atoms in our DB be S fB Proof]: Since every disjunctive clause is interpreted inclusively, the augmented database AUG(DB) is the same as DB. Then the theorem follows trivially from the de nition of extended possible world. 2 25 
Conclusions
The GCWA and the DDR are two popular inference rules for inferring negative information in disjunctive databases. A problem with the GCWA is its inability to allow users to specify exclusive or inclusive interpretation of disjunctive clauses. The DDR tried to overcome this problem by always interpreting disjunctions inclusively. We argued on the semantics ground that neither approach is correct. A semantics called PWS was proposed to overcome problems in both GCWA and DDR. Under the PWS, disjunctive clauses could be interpreted either exclusively or inclusively, and negative information is inferred according to the stated intent.
A related fundamental question is how to answer queries under these assumptions e ciently. Work has been done on this problem 10, 9, 28]. We studied GCWA, DDR and PWS and we showed that, for propositional databases without negative clauses, the problem of determining if a negative ground literal is inferred under the DDR and PWS can be solved e ciently, but is co-NP-hard for the GCWA. However the problem becomes co-NP-complete in general for both DDR and PWS. This implies, from computational standpoint, that PWS is at least as desirable as GCWA and DDR.
Throughout this discussion, we assume no negative literal is allowed in the body of a clause. However, the PWS can be extended easily to strati ed disjunctive databases in the same way as shown in 22] .
